Introduction
============

Pituitary tumors comprise 10-25% of all intracranial tumors. Patients with pituitary tumors often suffer from serious disorders affecting development, growth, fertility or the ability to cope with labor, because of dysfunctional production of hormones. Pituitary tumors derive from different cell types of the anterior pituitary. Tumors are classified clinically according to hormonal status into functioning and nonfunctioning adenomas. Some of these tumors, known as functional adenomas, still produce pituitary trophic hormones (often in excessive amounts) such as prolactin (PRL, 25-41%,), growth hormone (GH, 10-20%), adrenocorticotrophic hormone (ACTH, 5-15%) or, rarely, luteinizing hormone (LH) or follicle-stimulating hormone (FSH). These hypersecretory activities are associated with hypogonadism, infertility, acromegaly, Cushing\'s disease and hyperthyroidism [@B17],[@B18]. Previous studies of pituitary tumors have identified several mutations that, by activating oncogenes or inactivating tumor suppressors, could be involved in tumorigenesis [@B30]. However, a general mechanism for the origin of pituitary tumors remains obscure.

Pathological angiogenesis is important for tumor growth because it promotes oxygenation, nutrient perfusion and removal of metabolic waste. In contrast to the situation in other tissues, vascularization is lower in pituitary adenomas than in the normal gland. However, increased vascularity seems to be related to different aspects of prolactinoma behavior including size, invasiveness, surgical outcome and malignancy [@B28].

Vascular endothelial growth factor (VEGF) plays a crucial role in vasculogenesis and angiogenesis not only during development but also during pathological processes, by stimulating proliferation and migration of endothelial cells [@B5] and by inducing fenestrations in the endothelium, leading to increased endothelial permeability. About 90% of human pituitary tumors show detectable VEGF secretion in vitro [@B15], [@B24]. VEGF expression can also be measured by immunohistochemistry and in situ hybridization in pituitary adenomas [@B14], [@B19]. VEGF and its receptors are widely expressed in normal and adenomatous human pituitary, suggesting a role for VEGF in promoting pituitary cell proliferation [@B20], [@B21]. Moreover, administration of VEGF-blocking antibodies inhibits growth of pituitary adenomas in endocrine neoplasia type 1. These findings suggest a role for VEGF in the modulation of pituitary tumor angiogenesis, which could be part of a mechanism by which estrogens cause pituitary hyperplasia and possibly prolactinoma formation.

The CDK5-p35 complex plays a key role in the development and growth of the nervous system. In addition, CDK5 and another activating protein, p39 (also known as CDK5 activator 2), are expressed in rat anterior pituitary and affect pituitary hormone exocytosis and cortical actin organization [@B29]. CDK5-mediated phosphorylation of EPRS (bifunctional glutamate/proline-tRNA ligase) regulates VEGF-A expression in U937 monocytes [@B2], indicating that CDK5 might be involved in VEGF-A expression. Therefore, investigating CDK5 targets may shed light on the mechanisms of pituitary tumor formation.

In the present study, we set out to elucidate the role of CDK5 in human pituitaries and various types of pituitary adenomas by examining the expression and cellular localization of CDK5 and p35. The expression of both proteins in the two tissue types was confirmed at the protein and mRNA levels by western blot, immunohistochemical staining and by RT-PCR, respectively. Upregulation of p35, but not of CDK5, was observed in pituitary adenomas. Moreover, we found that inhibition of CDK5 activity reduced VEGF expression in a rat pituitary cell line (GH3 cell line). Taken together, the results suggest that pituitary adenomas might be functionally regulated by CDK5 through its effects on VEGF expression, opening new research avenues for drug development and for control of pituitary adenomas.

Materials and Methods
=====================

Tissue specimens
----------------

Human pituitary adenomas were obtained after their surgical resection from consecutive unselected patients who underwent pituitary surgery at Beijing Tiantan Hospital. Portions of the surgical specimen were immediately frozen and stored in liquid nitrogen. As controls, 8 normal pituitary glands were obtained from adults who had died of accidents and were also studied within 12 hours of death. Informed consent was obtained from all patients, and the study was approved by the local Ethics Committee. A list of the 18 pituitary adenomas included in the study and their clinical diagnosis are given in Table [1](#T1){ref-type="table"}. They were classified into PRL-secreting adenomas (7 cases), GH-secreting adenomas (3 cases), nonfunctioning pituitary adenomas (8 cases). Tumors were graded according to a modified Hardy\'s classification [@B23].

Cell culture
------------

GH3 rat pituitary cells were cultured at 37°C in 35 mm dishes in a humidified atmosphere of 95% air and 5% CO2. The culture medium was DMEM with 10% fetal bovine serum (FBS). Cultures were fed every other day.

RNA construction and transfection
---------------------------------

Chemically synthesized RNA interference molecules for CDK5 were purchased from Invitrogen Trading company. The sequences used were as follows: CCGGGAAACCCAUGAGAUUTT. A nonsilencing RNA (UUCUCCGAACGUGUCACGU) duplex was used as a control. Constructs were transiently transfected into 80% confluent GH3 cells Lipofectamine 2000 (Invitrogen) in serum-free DMEM. At 4 h after transfection, the medium was replaced with DMEM with 10% fetal bovine serum (FBS).

Immunofluorescence
------------------

Normal human pituitary and pituitary adenomas tissues were washed with PBS three times, fixed with acetone for 10 min, washed with PBS three times for 5 min, permeabilized with 0.3% Triton X-100 for 30 min and washed with PBS three times for 5 min. After blocking of nonspecific binding with 10% goat serum in PBS for 1 h at room temperature, the tissues were incubated with primary antibody (rabbit anti-p35 antibody 1:100, Santa Cruz Biotechnology) overnight at 4°C, washed with PBS three times for 5 min, incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibodies for 1 h, and washed with PBS three times for 5 min.

Protein Extraction and Western Blot Analysis
--------------------------------------------

Frozen pituitary and pituitary adenomas tissues were harvested by washing with ice-cold phosphate-buffered saline (PBS) three times and then scraping in ice-cold RIPA buffer (50 mM Tris, pH 7.5, 250 mM NaCl, 10 mM EDTA, 0.5% NP-40, 1 μg/mL leupeptin, 1 mM PMSF, 4 mM NaF). The homogenates were sonicated 6 s for three times on ice, then centrifuged at 12,000g for 5 min at 4°C to yield the total protein extract in the supernatants. Concentration of protein was measured with a BCA assay kit (Pierce). Then samples (50 μg) were denatured, subjected to SDS-PAGE using 12% running gels and transferred to nitrocellulose membranes. After blocking with 5% milk powder for 1 h at room temperature, the membranes were incubated with primary antibody, rabbit polyclonal anti-p35 antibody (1:100; Santa Cruz Biotechnology; sc-820), monoclonal anti-Cdk5 antibody (1:1,000; Upstate; 05-364), VEGF(1:1,000; Abcam; ab46154), GAPDH(1:5,000; Sigma; G8795) overnight at 4℃.

Real-time PCR
-------------

Total RNA was isolated using the RNA isolation kit (Roche, Switzerland) according to the manufacturer\'s instructions. First-strand cDNAs were generated using a M-MLV first strand kit (Invitrogen; C28025-032). Real-time PCR was performed using a LightCycler 480 (Roche Diagnostics, Basel, Switzerland) IQ SYBR Green Supermix with Platinum SYBR Green qPCR SuperMix-UDG (C11733-038 (Invitrogen; C11733-038). The primer sets used for various genes were as follows: p35, 5\'-atgccgacccacactacttc-3\' and 3\'- aaaccccagggagagactgt -5\'; Cdk5, 5\'- tgaggtggtcacactgtggt-3\' and 3\'- ctggtcatcgacatcattgc-5\'; VEGF, 5\'- cccactgaggagtccaacat-3\' and 3\'- tttcttgcgctttcgttttt -5. All samples were subjected to RT-PCR along with the housekeeping gene GAPDH, having the following primer sequences: GAPDH, 5\'- gagtcaacggatttggtcgt-3\' and 3\'- ttgattttggagggatctcg-5\'. The PCR conditions were as follows: 95 ◦C for 10 min, followed by 40 cycles of (95 °C for 15 s, 60°C for 30 s and 72 °C for 30 s) and a final extension at 72 °C for 10 min. Melting curves were examined for the quality of the PCR amplification of each sample, and quantification was performed using the comparative CT (2^-ΔΔCT^) method.

ELISA
-----

VEGF protein levels were determined using a rat VEGF ELISA kit from R&D Systems according to the manufacturer\'s instructions. In brief, GH3 cell lines at 48 h after treatment with short interfering RNA or Roscovitine were harvested. Total protein content of the cells was determined for standardization of VEGF production with BCA protein assay kit (Pierce Biotechnology). The culture supernatants were collected and normalized to the cell numbers. All experiments were performed in triplicates.

Statistical Analysis
--------------------

Experimental data are reported as mean ± SEM (standard error of measurement) of three independent experiments, or more, as indicated in the respective figure legends and methods. Data were analyzed with the two-tailed Student\'s t-test and one-way ANOVA followed by Newman-Keuls test.

Results
=======

CDK5 and p35 are expressed in normal human pituitary
----------------------------------------------------

CDK5 is often described as a nervous-system specific kinase [@B4], [@B27], but it is also expressed in cancer cells [@B8], [@B12], [@B13]. In addition, CDK5 is expressed in rat anterior pituitary. However, it was unknown whether CDK5 was present and active in normal human pituitary.

We investigated and confirmed CDK5 and p35 protein expression in normal human pituitary glands obtained from autopsies of eight individuals. The anti-p35 and anti-CDK5 antibodies gave single bands in western blot analysis (Fig.[1](#F1){ref-type="fig"}A). The p35/GAPDH ratio was used as a measure of p35 protein levels (Fig.[1](#F1){ref-type="fig"}B). In addition, we determined p35 distribution in normal human pituitary by immunofluorescent staining. The protein was detected in about 10-20% of the pituitary cells, and the immunofluorescent signal was granular and found in the cytoplasm (Fig [2](#F2){ref-type="fig"}A). To further identify whether p35 and VEGF were co-localization in human normal pituitary, we performed double immunofluorescent staining of p35 and VEGF. The results showed that some VEGF (red) was partially located in p35 (green)-positive cells (Fig. [2](#F2){ref-type="fig"}C). The specificity of the p35 antibody was confirmed by observing the lack of immunofluorescent signal when the samples were incubated with a mixture of antibody and a blocking p35 peptide (data not shown). Our results indicated that both CDK5 and its activator p35 were expressed in normal human pituitary and suggested that p35 and VEGF were co-localizated in human normal pituitary.

Expression of p35 is upregulated in human pituitary adenomas
------------------------------------------------------------

We then asked whether the expression of CDK5 or p35 was altered in pituitary adenomas. We measured CDK5 and p35 protein expression levels by western blot analysis of human pituitary tumors (Fig. [1](#F1){ref-type="fig"}A). Expression of p35 was markedly higher in PRL-secreting adenomas (n=7) and NFPA (nonfunctioning pituitary adenomas, n=8), than in the normal glands, whereas no significant difference was detected in CDK5 levels.

To confirm the upregulation of p35 in pituitary adenomas, we used immunofluorescent staining. As shown in Fig. [2](#F2){ref-type="fig"}, p35 staining was detected in about 40-50% of cells from pituitary adenomas, whereas only 10-20% of cells from normal pituitary were stained). No distinct difference in the amount of p35 staining was found between nonfunctioning pituitary adenomas, PRL-secreting adenomas and GH-secreting adenomas (data not shown). Moreover, p35 was localized only in the cytoplasm of normal pituitary cells (Fig. [2](#F2){ref-type="fig"}A), whereas it was detected not only in the cytoplasm but also associated with perinuclear membranes in the cells of pituitary adenomas (Fig [2](#F2){ref-type="fig"}B).

In addition, we determined CDK5 and p35 mRNA levels by RT-PCR analysis of normal pituitary glands and pituitary tumors. Levels of p35 mRNA were significantly higher in pituitary adenomas than in the normal glands (Fig. [3](#F3){ref-type="fig"}A), whereas no significant difference in CDK5 mRNA levels was observed (Fig. [3](#F3){ref-type="fig"}B). These findings showed that p35 was upregulated in pituitary adenomas, suggesting an increased CDK5 activity.

VEGF is upregulated in human pituitary adenomas
-----------------------------------------------

We hypothesized that CDK5 might have a role in the pathogenesis of pituitary tumors by affecting VEGF expression. To explore this hypothesis, we evaluated VEGF mRNA levels by RT-PCR in the same samples used for our previous experiments, and found that pituitary adenomas showed higher VEGF mRNA levels than normal pituitary glands (Fig. [3](#F3){ref-type="fig"}C). In addition, we investigated VEGF protein expression by western blot in three types of pituitary adenomas (normal human pituitary, n=8; nonfunctioning pituitary adenomas, n=8; PRL-secreting adenomas, n=7; GH-secreting adenomas, n=3) and found that the protein levels were higher in tumors than in normal glands (Fig. [4](#F4){ref-type="fig"}A, B). Therefore, pituitary adenomas show upregulation not only of p35 (which probably leads to higher CDK5 activity) but also of VEGF.

CDK5 inhibition suppresses VEGF expression
------------------------------------------

To explore the possible link between CDK5-p35 and VEGF in pituitary adenomas, we incubated rat pituitary GH3 cells with either DMSO or different concentrations of roscovitine (a CDK5 inhibitor). As shown in Fig. [5](#F5){ref-type="fig"}A, VEGF expression was significantly reduced after treatment with roscovitine, suggesting that CDK5 regulates VEGF expression. The involvement of Cdk5 is further supported by studies using short interfering RNA (siRNA) targeting the Cdk5 mRNA in GH3 cells. We found a significant decrease of VEGF in cells transfected with Cdk5 siRNA, compared with cells transfected with control siRNA (Fig. [5](#F5){ref-type="fig"}B).

The level of VEGF that was released into the culture medium from GH3 cells was directly measured by ELISA method on 48 hours after treatment. Figure [5](#F5){ref-type="fig"}C represents that VEGF production of roscovitine-treated GH3 cells was significantly decreased compared to that of control group. Figure [5](#F5){ref-type="fig"}D represents that VEGF production of CDK5 siRNA-transfected GH3 cells also was significantly decreased compared to that of control siRNA-transfected group. The results were in line with the findings in Western blotting analysis. Taken together, our results point to a VEGF-mediated role for CDK5 in pituitary adenomas.

Discussion
==========

Our findings show that active CDK5, associated with p35, is present in normal pituitary, and that CDK5 activity (as indicated by p35 levels) is upregulated in pituitary adenomas without distinct diversity between different pituitary adenomas types. Furthermore, we found that inhibition of CDK5 activity suppressed VEGF expression in pituitary cells. These results suggest that CDK5 activity may play a role in regulating pathological processes in pituitary tumors. To the best of our knowledge, this is the first report that provides evidence for a possible function of CDK5- p35 in human pituitary adenomas.

Although the involvement of CDK5 in regulating neuronal processes is well documented, its role in cancer cells is only beginning to be understood [@B8], [@B12], [@B13]. Interestingly, CDK5 regulates angiogenesis and migration of endothelial cells, suggesting that CDK5 is a new potential target for antiangiogenic therapy [@B11]. In addition, CDK5 substrates such as amphiphysin 1, MUNC18 (also known as STXBP1 or syntaxin-binding protein 1) and PAK participate in regulating secretion [@B6], [@B7], [@B25]. CDK5-mediated phosphorylation of EPRS is required for posttranscriptional suppression of VEGF-A expression [@B2]. Furthermore, inhibiting or downregulating CDK5 leads to reduced activity of the small GTPase RAC1 and to disorganization of the actin cytoskeleton [@B1]. CDK5 exerts its functions in the pituitary, in the central nervous system and in most pituitary endocrine cells. Exocytosis from several types of pituitary endocrine cell can be diminished by inhibition of CDK5 activity [@B29].

A proposed role for VEGF in promoting pituitary cell proliferation has been suggested by the fact that VEGF and its receptors are widely expressed in pituitary tumors, especially in non-functioning adenomas [@B14], [@B19]. Overexpression of VEGF in the anterior pituitary might downregulate negative regulators of angiogenesis [@B9] and thus promote the angiogenic process in endothelial cells. Furthermore, the use of anti-VEGF antibodies reduced the growth of pituitary adenomas in a mouse model of multiple endocrine neoplasia type 1 [@B10]. Moreover, administration of bevacizumab (a humanized monoclonal antibody blocking VEGF) may contribute to long-term stabilization of pituitary tumors [@B22], emphasizing the role played by VEGF in promoting pituitary tumor progression.

Inhibitors of VEGF and of VEGF receptors have been approved for cancer therapy, but their effects are temporary and often followed by tumor regrowth and progression. Therefore, there is an urgent need to identify new therapeutic targets to inhibit vessel growth by interfering not with the response to a single growth factor, but with other steps of the angiogenic cascade. Here, we have shown that VEGF (which is prevalent in the pituitary and critical for the process of vasculogenesis and angiogenesis) is regulated by CDK5 and that its levels can be reduced by treatment with the CDK5 inhibitor roscovitine. At the concentration used in our experiments, roscovitine would also inhibit CDK1 and CDK2 [@B16]; however, CDK5 is the most likely target of roscovitine because CDK2 levels are low in the anterior pituitary and CDK1 is not expressed in corticotropes (data not shown). Our results suggest that roscovitine and other CDK5 inhibitors have potential as antiangiogenic agents and might be useful for treatment of pathological processes characterized by excessive angiogenesis. The effects of roscovitine could be doubly beneficial, by inhibiting both metastasis and angiogenesis [@B2], [@B11].

The regulatory functions of CDK5 in pituitary adenomas should be further investigated. CDK5 is a proline-directed serine/threonine kinase. In addition to an absolute requirement for proline in the +1 position, CDK5 shows a marked preference for a basic residue in the +3 position. Its consensus phosphorylation sequence is (S/T) PX(K/H/R), where X can be any amino acid [@B3], [@B26]. Sequence analysis of VEGF receptors (data not shown) indicates that only VEGF receptor 2 (KDR) seems to have a putative CDK5 target site. Onofri et al. reported that KDR was expressed in vessel endothelial cells in normal and adenomatous pituitaries, and partially CD31 (angiogenesis marker)-positive vessels expressed KDR also [@B21]. This result is consistent with our finding that the co-localization of KDR and CD31 in normal pituitary. Future research should investigate whether CDK5 can phosphorylate KDR.

In conclusion, our results suggest a function for CDK5 in pituitary tumors, elucidate a potential mechanism of action (through VEGF) and highlight CDK5 as a promising target for developing new therapies against pituitary tumors.
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![A, Representative Western blots of P35/Cdk5 in normal human pituitary, non functional pituitary adenomas (NFPA) and PRL-secreting pituitary adenomas. Blots were reprobed with anti- GAPDH antibody to ensure equal loading; B, Ratio of p35 vs. GAPDH was determined by densitometry. \*P\<0.05, as compared with normal pituitary group (one-way ANOVA followed by Newman-Keuls test).](ijbsv10p0192g001){#F1}

![A, Presence of p35 in normal human pituitary. Immunofluorescence double-staining for p35 (green) and nuclear (blue) was performed; B, Presence of P35 in pituitary adenomas. Immunofluorescence double-staining for P35 (green) and nuclear (blue) was performed; C, Colocalization of p35 and and VEGF in the normal human pituitary gland. Immunofluorescence double-staining for p35 (green) and VEGF (red) was performed. Colocalization of both is indicated by filled arrowheads. Data are representative of at least three different human adult pituitary samples and at least three independent experiments. Scale bar, 20μm.](ijbsv10p0192g002){#F2}

![Relative mRNA expression of P35 (A) , CDK5 (B) and VEGF (C) in normal human pituitary and pituitary adenomas. \*P\<0.05, indicates significant difference among the groups (one-way ANOVA followed by Newman-Keuls test).](ijbsv10p0192g003){#F3}

![A, Representative Western blots of VEGF in normal human pituitary and pituitary adenomas (non functional pituitary adenomas (NFPA), PRL- and GH-secreting pituitary adenomas. Blots were reprobed with anti- GAPDH antibody to ensure equal loading; B, Ratio of VEGF vs. GAPDH was determined by densitometry (Student\'s t test was performed to determine the significance). \*P\<0.05, as compared with normal pituitary group.](ijbsv10p0192g004){#F4}

![A, Pretreatment with roscovitine significantly decreased VEGF expression in GH3 cells. Blots were reprobed with anti- GAPDH antibody to en sure equal loading; 5B, Effect of Cdk5 siRNA on VEGF expression in GH3 cells. Blots were reprobed with anti- GAPDH antibody to en sure equal loading; 5C, Quantification of the level of VEGF secretion from vehicle or roscovitine-treated GH3 cells. Reduction of VEGF secretion were detected in roscovitine-treated GH3 cells compared with vehicle group; 5D, Quantification of the level of VEGF secretion from control siRNA or CDK5 siRNA-transfected GH3 cells. Reduction of VEGF secretion were detected in CDK5 siRNA-transfected GH3 cells compared with vehicle group. VEGF secretion was quantified as by ELISA as described above. Data represents means ± SEM of three independent experiments. one-way ANOVA was performed to determine the significance (\*\**p* \< 0.01 and \*\*\**p* \< 0.001).](ijbsv10p0192g005){#F5}

###### 

Clinical characteristics in 18 pituitary adenomas.

  Patient no.   Age (yr)   Sex   Clinical diagnosis   Ki-67 (%)   Tumor size (mm)   Grade
  ------------- ---------- ----- -------------------- ----------- ----------------- ---------
  1             46         M     NFPA                 2           1.8               **I**
  2             46         F     GH                   0.2         0.7               **I**
  3             59         F     NFPA                 0.9         3.1               **III**
  4             52         M     PRO                  0.3         2.6               **III**
  5             53         M     GH                   2.8         1.7               **II**
  6             51         M     NFPA                 4           1.9               **II**
  7             51         F     PRO                  0.4         2                 **II**
  8             37         F     PRO                  0.2         0.9               **I**
  9             34         F     NFPA                 1.2         3.2               **III**
  10            47         M     NFPA                 0.5         3.3               **III**
  11            46         F     NFPA                 1.7         1.9               **II**
  12            29         M     PRO                  0.6         2.5               **II**
  13            55         M     NFPA                 0.4         2.7               **III**
  14            62         F     PRO                  0.9         2.1               **II**
  15            46         M     PRO                  0.1         0.9               **I**
  16            55         F     PRO                  0.3         3.1               **III**
  17            38         F     NFPA                 0.4         2.1               **II**
  18            31         M     GH                   0.2         3.3               **III**

M, Male; F, female; NFPA, nonfunctioning pituitary adenomas; PRO, PRO-secreting adenomas; GH, GH-secreting adenomas.
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